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Laser brightness is crucial in many optical processes, and
is optimised by high power, high beam quality (low M2)
beams. Here we show how to improve the laser beam qual-
ity factor (reducing the M2) of arbitrary structured light
fields in a lossless manner using continuous phase-only el-
ements, thus allowing for the increase in brightness by a
simple linear optical transformation. We demonstrate the
principle with four high M2 initial beams, converting each
to a Gaussian (M2 ≈ 1) with a dramatic increase in bright-
ness of > 10×. This work puts a new perspective on the old
debate of improving laser beam quality with binary diffrac-
tive optics, while providing a practical approach to enhanc-
ing laser brightness for arbitrary input beams. © 2020 Opti-
cal Society of America
http://dx.doi.org/10.1364/ao.XX.XXXXXX
High brightness beams are a core requirement of many optical pro-
cesses [1–3], and encompass the ability to delivery high power in a
concentrated manner to a target. While the divergence of a beam
can be altered by quadratic index optical elements (e.g., lenses), its
space-bandwidth product cannot. For this reason, the brightness B
is defined as
B = P
λ2(M2)2
, (1)
where P is the power per unit surface area, λ is the wavelength and
M2 is the beam quality factor [4]. The brightness of a laser can be
improved either by increasing the power (P ), or by decreasing the
M2 (increasing the beam quality). Increasing the power from a laser
often results in thermal phase aberrations [5–8], which decreases the
beam quality factor [9]. Higher output powers can also be achieved
through higher-order modes with a larger gain volume [10, 11], but
with a reduced beam quality factor due to the higher mode index [12–
17], as illustrated it Fig. 1. There are means to mitigate these effects,
including coherently combining multiple independent laser sources
[18–21], interferometric beam correction [22], the use of correction
optics [23–26] and custom laser cavities [27–32], but these are com-
plex solutions with limited general applicability. External brightness
enhancement by beam transformation has also proved limiting: it
has been shown that the beam quality factor cannot be improved by
binary diffractive optical elements [33], while demonstrations with
single continuous phase elements [34, 35] have so far resulted in
a lossy or imperfect process, e.g., using a continuous spiral phase
Fig. 1. The beam quality of structured light fields decreases with
increasing mode index, resulting in an increase in the beam quality
factor, M2, shown here for the examples of Hermite-Gaussian,
Laguerre-Gaussian and Super-Gaussian beams. We will show
that it is possible to move “down the curve” towards a Gaussian
(M2 = 1) in a lossless manner using an optical system with two
phase-only elements, thus enhancing the brightness, shown here
conceptually.
to convert a vortex beam into a Gaussian actually results in many
higher-order radial modes and reduced power in the desired mode
[36, 37]. So the beam quality is improved but not the brightness.
Here, we show that the beam quality factor of an arbitrary beam
can be improved by a phase-only transformation. Importantly, by
performing the transformation in two steps the approach is in princi-
ple lossless, henceP can be maintained while the M2 can be reduced,
thus increasing the brightness, B . The consequence is that P can be
maximised at the source and the beam quality corrected externally
after. If an initial M2 beam is converted to a Gaussian (M2 = 1) while
maintaining the same power (and wavelength), then the brightness
can be enhanced by a factor η =M4. While one-step approaches
have been suggested to improve the beam quality factor, they come
ar
X
iv
:2
00
5.
05
16
8v
1 
 [p
hy
sic
s.o
pti
cs
]  
11
 M
ay
 20
20
Letter Optics Letters 2
at the expense of loss or imperfect transformation, hence cannot
improve the brightness.
The lossless two step approach is depicted graphically in Fig. 1
for some example structured light beam types. Structured light is
a topical field [38] and often the structure is desired. But it can be
undesirable in the context of laser brightness, e.g., if a higher-order
mode is used for power extraction from a laser. In general, the higher
the mode order the higher the M2 of the beam, as shown in Fig. 1
for some common beam types. Here we address how to move “down
the curve” towards lower M2 without the loss of power, ideally to a
Gaussian beam with the highest beam quality (lowest beam quality
factor), M2 = 1. Our method is based on a conformal mapping
approach [39, 40] with two non-binary phase elements, illustrated
in Fig. 1, and thus is not in contradiction to prior work [33].
It is instructive to consider the problem in reverse. The target
beam, a Gaussian of amplitude A(x, y), is passed through a phase-
only optical element with a transmission function t = exp(iφ) so that
in the far field the beam is given by u(x, y)=Q(x, y)exp(iψ), where
Q(x, y) is some spatial profile and ψ is the phase of the beam. Say
this is in fact our initial beam with structure we wish to remove. From
the reciprocity of light, if we pass it through an optical element with a
phase of−2ψ, the resulting conjugate phase,−ψ, will cause the beam
to “unravel” as it propagates, effectively destructuring it, arriving at
the next phase element with the form u(x, y)= A(x, y)exp(−iφ). The
phase-only element with t = exp(iφ) now removes the unwanted
phase from the beam, leaving only the Gaussian amplitude. Thus
there are two phase elements needed, a first with a transmission
function of t = exp(−i2ψ) and a second with a transmission function
of t = exp(iφ). Fortunately, the calculation of the phase elements can
be done, sometimes analytically, by adapting a variety of approaches
[39–45] depending on the implementation. Our implementation
Table 1. TheM2 values of the initial beam profiles used in the
experiment, and the predicted brightness enhancement factor,
η.
Profile M2 η
Super-Gaussian (Radial & Cartesian) 3.64 13.25
Radial Annulus 16.71 279.22
Cartesian Linear 3.90 15.21
uses Spatial Light Modulator (SLM) to encode the phases as multi-
level computer generated holograms. We used a single device with
a split-screen approach, and henceforth will explain the implemen-
tation conceptually with the two parts of the screen labelled SLM
1 and SLM 2. It is important to note that while the SLMs are lossy
devices (with an efficiency of approximately 60%), this implementa-
tion is purely as a proof-of-principle, which is convenient to do with
re-writable holograms. Replacing the SLMs with kinoform diffrac-
tive structures, metasurfaces, or free-form refractive optics, would
make the process maintain the power, P (in practice there are al-
ways small losses in such systems, but in theory the optics can be
made lossless). Using the setup shown in Fig. 2, we first create some
initial structured beam, modify it through a two-step process, and
then measure the M2 value of the resulting Gaussian beam. To be-
gin, a well expanded and collimated beam from a HeNe laser was
incident on SLM 1 which encoded some desired initial beam by com-
plex amplitude modulation [46, 47] as well as with the appropriate
phase of the first transforming element. In a real-world application
the initial beam would already exist from some source so that only
−Ψ
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Fig. 2. (a) The experimental setup consists (conceptually) of two
SLMs to implement the desired phase transformations. SLM 1 acts
as the first phase element creating a beam of amplitudeQ(x, y)
with phase −ψ. The Fourier transform of this beam is incident on
the second phase element (SLM 2) with phase φ. The final beam,
now having a Gaussian amplitude A(x, y) and a flat phase front
is imaged by a camera. (b) The phase profiles −ψ and φ encoded
on SLM 1 and SLM 2 respectively. The elements match the case
depicted in panel (a) and are plotted on a shared transverse axis in
millimeters.
the transforming phase would be encoded in the first element. The
beam was then Fourier transformed to the far field and imaged to
SLM 2, which applied the second phase to flattened the wavefront of
the incident beam to result in a Gaussian beam with a flat phase. A
Point Grey Firefly camera was used to measure the beam profiles at
various positions. In particular, to measure the M2 value of the final
beam, lens f2 was inserted into the setup and the camera moved on
a rail through the waist of the beam and the second moment width
calculated from the captured images, from which the M2 could be
inferred.
To test the concept, we used as initial amplitude profiles those
given in Table 1, each with a flat initial phase. The table shows their
M2 values as well as the theoretical brightness enhancement that
would be expected in a lossless implementation. The measured
beams are shown in Fig. 3, where we find excellent conversion from
the initially structured beams to a Gaussian beam for all cases, with
correlation factors in excess of 98%. The Gaussian nature is further
corroborated by a full propagation analysis, shown in Fig. 4 for the
radial Super-Gaussian example. We find a beam quality factor de-
crease from M2 = 3.64 to M2 = 1.06± 0.05, yielding a brightness
enhancement of η= 11.79±1.20 when ignoring the SLM losses, in
close agreement with the prediction of ≈ 13. The near perfect corre-
lation between the measured and predicted Gaussian beams shows
the viability of the method - we can improve the beam quality factor
significantly, and hence enhance the brightness significantly. This
is not in contradiction to the prior argument that the beam quality
could not be improved by binary diffractive optics [33]. In that sce-
nario, the binary optics were envisaged to flip the phase jumps in
higher-order modes and by propagation convert them to Gaussian-
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Fig. 3. Input beams shown as an intensity and profile, each with a flat phase, and the measured Gaussian output beam, shown for the four
tested cases: (a) Radial Super-Gaussian, (b) Radial annulus, (c) Cartesian super-Gaussian and (d) Cartesian linear, a beam with a linear
intensity gradient. The examples cover Radial and Cartesian symmetry in high M2 initial beams. The Gaussian beams are shown as cross-
sectional profiles for x (blue dashed) and y (red solid) , with the black dotted profiles the theoretical prediction. The insets show the mea-
sured camera intensities. All profiles are plotted on an axis in millimeters.
Fig. 4. The 2nd moment width as a function of propagation dis-
tance from the focusing lens, shown as measured data and fitted
curves. This example plot is for the Radial Super-Gaussian case.
like beams in the far field. Indeed this does not improve beam quality
or brightness. Instead, we employ a two-step approach to confor-
mally transform one beam into another, selecting the final beam
to be Gaussian. Thus both the principle and execution differ from
Ref. [33]. Importantly, our approach is sufficiently general so as to
be applicable to beams with novel vectorial characteristics [48, 49]
by implementing the solution with meta-surfaces or by using the
present approach on each polarization component separately. Fi-
nally, we remind the reader that for convenience we have used SLMs,
exploiting their re-writable functionality. For a true lossless imple-
mentation there are many options available, e.g., free-form optics as
refractive or diffractive solutions.
To conclude, we have revisited an old problem and demonstrated
a simple and scaleable approach to enhancing brightness of laser
beams, particularly the problematic case of converting higher-order
modes to the lowest order mode (Gaussian). We have demonstrated
the concept experimentally and shown that a significant brightness
enhancement is possible, up to M4×, i.e., the higher the order of the
initial beam the better the enhancement. This work will be relevant
to many high-power laser applications, for instance, improving the
brightness of diode laser bars or high-power solid state lasers.
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